This study seeks to clarify the effects of gas contamination from milling atmospheres of mechanical alloying (MA) on mechanical properties. An iron-based dispersion alloy of Fe-13Cr-3W-0.5Ti-0.5Y 2 O 3 (mass%) was selected as the experiment material. We prepared MA powders by milling mixed powders in atmospheres of argon, helium, hydrogen, nitrogen, and vacuum; then we made bulk alloys by groove rolling the MA powders. We then examined atmospheric elements trapped in the MA powders and their releasing processes with heat treatment in vacuum. For bulk alloys, we also examined the high-temperature behavior of residual atmospheric elements and their effects on impact strength as a function of heat-treatment time at 923 K.
Introduction
Argon gas is widely used as the milling container atmosphere in mechanical alloying (MA) using a dry highenergy ball mill. Argon gas has the advantage of reducing oxygen and nitrogen in mechanically alloyed powders (MA powders), but the disadvantage of trapping the gas in them. In developing iron-based particle dispersion alloys in our laboratory, 0.013 mass% of argon was trapped by milling in argon for 72 ks, and 0.017% for 180 ks. These entrapped gasses were difficult to remove with heat treatment in vacuum at temperatures around 1000 K. Even with treatment at 1473 K for 54 ks, the amount of removal was very small. Therefore, in MA powders of dispersion alloys that should be consolidated at temperatures below 1473 K, most of the argon gas trapped in the powders is introduced into their consolidated bulk alloys as gas contamination.
Unlike oxygen and nitrogen, which form solid solutions or oxide and nitride, inert gas in metals creates special types of defects, such as interstitial atoms and bubbles. These defects cause some special behavior like density decrease (swelling) at elevated temperatures, and degrade mechanical properties such that the helium formed by neutron irradiation leads to significant embrittlement. In this study, we sought to determine a proper container atmosphere in order to produce iron-based dispersion alloys without embrittlement. For this purpose, we examined trapped atmospheric gasses for MA powders prepared under atmospheres of argon, helium, and hydrogen, and studied their release characteristics with heat treatment. We also examined the high-temperature behavior of inert gas for consolidated bulk alloys. Finally, we carried out impact tests for the bulk alloys containing different atmospheric gasses and evaluated the gasses as container atmospheres.
Experimental

Preparation of MA powder
An iron-based dispersion alloy of Fe-13Cr-3W-0.5Ti-0.5Y 2 O 3 (mass%) was selected as the experiment material. (In the following mass is abbreviated.) We used iron (À100 mesh), -phase (composition Fe-43%Cr-10%W-1.7%Ti, À20 mesh), and Y 2 O 3 (16 nm) powders as raw materials. The -phase powder effectively promoted alloying and reduced oxygen content. 1) These powders were mixed in a conventional ball mill for 1.8 ks so that the composition of the mixed powder was the same as that of the dispersion alloy (iron powder/-phase powder = 7/3 mass ratio). The mixed powder obtained was mechanically alloyed by a high-energy, horizontal-rotor ball mill in different container atmospheres with stainless-steel balls (ball/powder mixture = 10/1 mass ratio) at 600 r.p.m for 72 ks. In each milling, 1.2 kg of the mixed powder was charged.
We employed argon, helium, hydrogen, nitrogen, and vacuum as container atmospheres. In vacuum, the level was greatly changed with milling time. Before milling, the level was 10 À3 Pa and increased rapidly with time to around 1 Pa. It returned to the 10 À1 Pa level after 1.8 ks and remained at this level until the end of milling. The argon and nitrogen used were gasses made from their liquids, and hydrogen and helium were cylinder gasses. Their purity exceeded 4 N, and the dew point was less than 213 K. Samples were milled in these gasses with the gasses enclosed in the container and their pressures controlled to be slightly higher than atmospheric pressure. Trapped argon, helium, hydrogen, and nitrogen, together with oxygen were determined for the MA powders obtained through these procedures.
2.2
Release of trapped atmospheric gas by high-temperature treatment in vacuum We used a vertical vacuum furnace for heat treatment. About 50 g of MA powder was put in a corundum tray of 64 mm Â 10 mm inner volume. Four or five trays with different powders were piled up and loaded into the furnace. After evacuation (10 À4 Pa), the furnace temperature was raised at the rate of 0.17 K/s to 823 K, then raised from this temperature to a given temperature at 0.08 K/s, kept for a fixed time, and cooled at 0.33 K/s. Residual gas elements were determined for the powders treated.
Consolidation of MA powder
MA powder (0.6 to 0.7 kg) subjected to release treatment was put into a stainless-steel (SUH3B) can of 44 mm Â 100 mm inner volume and 3 mm in thickness, evacuated for 54 ks at 823 K and sealed in vacuum (10 À3 Pa). The sealed can was hot-rolled by a groove roll after heating at 1423 K for 1.8 ks. The rolled alloy (about 14 mm square in cross section) was again heated at 1423 K for 3.6 ks in order to remove strain induced by rolling and to promote sintering between MA powder particles. The bar-shaped alloy obtained by these procedures was sectioned into small pieces and used for experiments to investigate the high-temperature behavior of residual inert gas and to conduct impact tests. Densities of the pieces ranged from 7.80 to 7:81 Â 10 3 kg/m 3 (approximately equal to the theoretical density of the dispersion alloy). Heating at 823 K during evacuation eliminated gasses such as H 2 O and CO 2 that had been adsorbed on the surfaces of powder particles in air. 2, 3) At the beginning of this study, prior to rolling, sealed cans were squeezed by a hydrostatic pressure of 202 MPa argon gas at 1203 K for 10.8 ks for densification and sintering (HIPing). 1) However, we abandoned this procedure and employed the groove roll and successive heat treatment as described above because HIPing tended to increase the argon content of HIPed materials even though the materials were fully densified. In fact, the increment of argon due to the above HIPing exceeded 0.006% (60 mass ppm).
High-temperature behavior of residual inert gas and impact test
We examined the density variation of bulk alloys as functions of heat-treatment temperature and time. The temperature and the time were varied from 1473 to 1673 K and from 3.6 to 288 ks. All the treatments were conducted in an argon atmosphere, and the microstructures of the treated alloys were examined.
Impact tests were carried out at room temperature using a Charpy tester of 147 J for 2 mm U-notch samples, as specified in JIS. In the tests, we examined the degradation of impact strength with heat treatment at 923 K. Table 1 lists the gas content of as-milled MA powders with their particle size. As shown in the table, the gas content of argon is 130 mass ppm (0.0130%); that of helium is 5.3 mass ppm, and that of hydrogen is 35 mass ppm. (Mass is abbreviated in the following.) Nitrogen content ranges from 58 to 70 ppm in the powders milled in argon, helium, and hydrogen; however, it markedly increases in nitrogen and vacuum. Oxygen content ranges from 0.242 to 0.284% except for the powder milled in vacuum. This table indicates that the nitrogen and oxygen contents within the above ranges are the intrinsic contents of as-milled powders, indicating that air leaked during milling in vacuum. Particle sizes of the powders milled in hydrogen, nitrogen, and vacuum are smaller than those milled in argon and helium. This is probably due to the delay of granulation because hydrogen and nitrogen together with oxygen in vacuum are much more active in the dispersion alloy than argon and helium are, and they easily form brittle solid solutions or hydride, nitride, and oxide that prevent granulation. Figure 1 illustrates the variation of residual atmospheric elements with heat-treatment temperature for a fixed treatment time of 3.6 ks. Residual argon and helium tend to decrease at temperatures above 1200 K, but their decrements are very small. In contrast, the residual hydrogen and nitrogen of the powders milled in hydrogen and nitrogen decrease significantly. Hydrogen decreases to nearly 3 ppm at 823 K, and nitrogen decreases to 170 ppm at 1473 K. Figure 2 demonstrates the effect of heat-treatment time at 1473 K on residual elements. As shown in the figure, decrements with time in argon and helium are much smaller than those in hydrogen and nitrogen. Residuals after 54 ks are 118 argon, 2.5 helium, 3.0 hydrogen, and 58 ppm nitrogen. Of these, the nitrogen residual is nearly the same as or lower than its intrinsic content, suggesting that most of the nitrogen due to the container atmosphere has been released. In contrast, hydrogen remains constant at 3 ppm even after 54 ks.
Results
Gas trapped in MA powder and its release with heat treatment in vacuum
As described above, eliminating argon and helium with heat treatment is very difficult. We conducted additional treatments at higher temperatures (1573 and 1673 K) for the MA powders milled in argon and helium, but could not effectively release them. Such high temperatures are unsuit- Therefore, we adopted 1323 K as a reasonable temperature. Table 2 presents the results of analysis for the powders obtained by treatment at this temperature for 54 ks. Argon and helium contents in the table are almost the same as in Table 1 ; nitrogen approaches its intrinsic content, and hydrogen is nearly equal to the constant values shown in Figs. 1 and 2. In contrast, the nitrogen and oxygen values of the powder milled in vacuum are larger than their intrinsic values.
3.2 High-temperature behavior of residual inert gas Figure 3 depicts the variation of density ratio with treatment time at 1673 K for bulk alloys prepared from the powders in Table 2 . Density ratios of the alloys obtained from the powders milled in argon and helium decrease with increased treatment time, although those of the alloys prepared in nitrogen and vacuum decrease much less. The decrease of density ratio occurs at temperatures below 1673 K. The density ratio of the alloy, including argon, treated at 1473 K for 288 ks is 97.5%. Density ratios also depend on MA time. In the alloy prepared by milling in argon for 18 ks, for example, a slight decrease occurs even with the treatment at 1673 K for 50.4 ks, while significant decreases occur for 72 ks as shown in Fig. 3 . These decreases are probably associated with swellings of bulk alloys based on the combination between argon bubbles or helium bubbles during heat treatment, as described by Barnes 4) for the helium bubble formed by neutron irradiation.
Microstructures of bulk alloys treated at 1673 K are presented in Fig. 4 . Numerous large spherical spots are observed in the alloys including argon (Ar) and helium (He). It is apparent from the swelling of these alloys that these spots are bubbles. In the alloy (H 2 ), large, slender spots are detected. In contrast, fine spots are dispersed uniformly in (Vac.). The (N 2 ) alloy exhibits a dense structure without large spots, although it contains fine spots. EPMA analyses clarified that the slender spots are porous oxides consisting of Y, Ti, and O, and the fine spots in (Vac.) and (N 2 ) are oxides in which the main constituents are Fe, Cr, and O for (Vac.), and Y, Ti, and O for (N 2 ). The formation of the slender spots is probably related to hydrogen, but the detailed process is not clear. High-temperature treatment causes the Y 2 O 3 particles to coarsen from their initial sizes of 16 nanometers. The fine spots in (N 2 ) are Y 2 O 3 particles containing some Ti, which are coarsened by the treatment at high temperature (1673 K). Figure 5 shows the results of impact tests for the bulk alloys prepared from the MA powders in Table 2 , except for the powder with helium. Impact values decrease with increasing treatment time in four alloys and decrease more remarkably in the alloys prepared in argon and hydrogen.
Impact strength
Discussion
As described above, we found that releasing trapped gasses, except nitrogen, was unexpectedly difficult. We also found that the residual inert gas in bulk alloys caused swelling at elevated temperatures and considerably influenced impact strength. Here, we will discuss the reason for difficulty in releasing trapped inert gas and the effect of residual inert gas on impact strength.
Difficulty in releasing trapped gas
Two or three reasons account for the difficulty in removing trapped argon and helium, as compared with nitrogen. The particle sizes of the MA powders milled in argon and helium are larger, and argon and helium atoms in the dispersion alloy are less mobile than nitrogen atoms. These can be expressed by the relation, t / x 2 =D, in which t is diffusion time, x is diffusion distance, and D is diffusion coefficient related to the mobility of atoms. The ratio of particle size roughly corresponds to that of x; thus, for the powders milled in argon and nitrogen, the ratio is 2.4. The resulting time ratio of 5.8 means that eliminating argon atoms takes at least five times longer than eliminating nitrogen atoms. However, the effect of D on the elimination time seems to be more important than that of particle size. We are not able to compare D of inert gas atoms with nitrogen atoms, since no results are associated with iron-based alloys. However, by comparing Ds in other materials, we assume that the D of inert gas atoms is much smaller than that of nitrogen. For example, in -zirconium, the lattice structure (bcc) of which is the same as that of the dispersion alloy, the D of helium atoms is about 10 À13 m 2 /s at 1473 K, 5) while that of nitrogen is roughly 10 À11 at the same temperature. 6) The D of argon atoms is also considered to be smaller than that of helium as well as nitrogen, because the Ds of argon and helium in magnesium are roughly 10 À15 and 10 À13 at 825 K. 6, 7) These facts indicate that releasing inert gas atoms in metals by heat treatment is very difficult. The formation of bubbles seems to make it even more difficult. Bubble formation depends on metals. This formation is not found in silver, magnesium, or zirconium, but it is found in aluminum, copper, and beryllium. Once bubbles form in the latter metals, the migration of inert gas atoms decreases in accordance with the sluggish movement of the bubbles. 7) Since the dispersion alloy is a metal that forms bubbles, removing trapped argon and helium is difficult because of their larger particle sizes, lower mobilities or Ds, and bubble formation.
A number of measurements have been made of the diffusion of hydrogen in iron and steel. 8) The data obtained are characterized with large D and low activation energy, compared with other elements. The values of D obtained for -iron vary considerably at low temperatures, but they converge at temperatures above 673 K. 9) The D determined from the most reliable measurement is 2:4 Â 10 À8 m 2 /s at 823 K. 10) This is about three thousand times larger than that of nitrogen (7:7 Â 10 À12 ) at the same temperature. 6) This fact suggests that hydrogen is released at quite low temperatures, and that sufficient removal will be achieved during evacuation at 823 K for canning. We adopted hydrogen as a container atmosphere to achieve it. However, contrary to our expectations, hydrogen could not be removed completely: about 3 ppm hydrogen remained even after heat treatment at 1473 K for 54 ks (Fig. 2) . We considered that this hydrogen might remain in the bulk alloy as thermally stable hydrides. However, this assumption seems unlikely because titanium hydride (TiH 2 ), the most stable hydride predicted from alloy composition, begins to decompose at 723 K. 11) We are thus presently unable to understand how hydrogen remains in the alloy.
Effect of residual inert gas on impact strength
The effects of inert gas in metals on mechanical properties have been extensively investigated for helium in the field of nuclear materials. The results of these investigations can be summarized as follows. The formation of helium interstitial atoms and bubbles at dislocations or grain boundaries, in iron-based alloys, causes hardening at lower temperatures and produces marked embrittlement at grain boundaries at higher temperatures (i.e., helium embrittlement). Both conditions degrade mechanical properties, reducing ductility and toughness in particular. 12, 13) At temperatures exceeding T ! 0:5Tm (where Tm is the melting point in K), including the 923 K employed for this experiment, helium atoms exhibit a remarkable segregation at grain boundaries. For this reason, only 1 at ppm of helium (0.07 ppm for iron) makes it possible to embrittle grain boundaries, 13, 14) so we cannot neglect the significance of the effect of 4.8 ppm in the dispersion alloy toughness. Little information is available on the effects of argon. However, an argon content of 126 ppm (180 at ppm for iron) in the alloy is equivalent to 26 times that in the mass ratio and 2.6 times that in the atomic ratio, compared with 4.8 ppm helium. These findings suggest that argon causes degradation of toughness.
The gradual decreases of impact values in the bulk alloys produced from the powders milled in nitrogen and vacuum, presented in Fig. 5 , may be explained either by the coarsening of the microstructure with recrystallization, or by the formation of the brittle Laves phase of Fe 2 W with heat treatment at 923 K. In this case, the latter is more probable because the alloy recrystallizes at temperatures above 1473 K. 15) These decreases are normal in iron-based alloys containing tungsten, but the remarkable decrease in argon is not normal and is associated with the formation of bubbles, together with their segregation at grain boundaries. However, we cannot explain the steep decrease in hydrogen or its existing state in the alloy, as mentioned previously.
The above experiment results and discussion demonstrate that atmospheric elements trapped from the container atmosphere during MA affect impact strength. We thought that widely used argon gas does not affect mechanical properties after treatment for a few thousand hours at temperatures around 923 K because argon atoms migrate slowly at these temperatures and they need a long time for gathering near grain boundaries and forming bubbles. Moreover, the experimental dispersion alloy itself is resistant to swelling due to helium. However, argon gas causes the deterioration of such dynamic mechanical properties as impact strength in quite early stages of heat treatment. Therefore, argon is not necessarily favorable for producing iron-based dispersion alloys for high-temperature material applications. For this purpose, nitrogen is more suitable, although it needs heat treatment for removal. Hydrogen is not favorable, but vacuum seems to be promising. For vacuum, it is noteworthy that impact values comparable to those of the bulk alloy produced in nitrogen are obtained, despite the oxidation caused by the leakage of air. However, MA at high vacuum levels makes it difficult to continue milling because of the excessive granulation of MA powder particles. Vacuums around 10 À1 Pa level with slight oxidation may allow milling without granulation, but it is difficult to maintain these vacuums for many hours under severe milling conditions. All things considered, the most suitable milling atmosphere is nitrogen.
Conclusions
We investigated gas inclusion due to the milling container atmosphere. In particular, we examined atmospheric elements trapped in MA powders and their releasing process with heat treatment in vacuum. We also examined the hightemperature behavior of residual inert gas for consolidated bulk alloys and their impact strength as related to residual gas elements.
The results obtained are summarized below. (1) During MA, some gas elements from the container atmosphere were trapped in MA powder. Milling in our high-energy ball mill for 72 ks produced 130 ppm of trapped atmospheric elements in argon, 5.3 ppm in helium, 35 ppm in hydrogen, and 6,000 ppm in nitrogen; for milling in vacuum, nitrogen and oxygen increased with the leakage of air. (2) Eliminating trapped argon and helium with heat treatment in vacuum was unexpectedly difficult. Even with treatment at 1473 K, which is the maximum allowable temperature for iron-based dispersion alloys, decreases were very small. As a result, most of the argon and helium trapped in MA powders was introduced into their bulk alloys. In contrast, nitrogen was reduced sufficiently with treatment at 1323 K for 54 ks; 3 ppm hydrogen remained after this treatment. (3) The bulk alloys produced from the powders milled in argon and helium formed bubbles at elevated temperatures and exhibited clear swellings; however, those milled in hydrogen, nitrogen, and vacuum did not demonstrate such swelling. (4) Impact strengths of the bulk alloys obtained from powders milled in argon, hydrogen, nitrogen, and vacuum decreased with increasing heat-treatment time at 923 K. More remarkable decreases occurred in the bulk alloys obtained in argon and hydrogen.
(5) We clarified that the remarkable degradation of impact strength of samples prepared in argon was based on hardening due to bubble formation and embrittlement at grain boundaries. However, we could not determine the reason for the steep decrease of impact strength in hydrogen. We also found that nitrogen was the most suitable container atmosphere for producing iron-based dispersion alloys for high-temperature materials.
